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Abstract

The coexistence of stationary mantle plumes with plate-scale flow is problematic in geodynamics. We present results
from laboratory experiments aimed at understanding the effects of an imposed large-scale circulation on thermal
convection at high Rayleigh number (10° =<Ra =10°) in a fluid with a temperature-dependent viscosity. In a large
tank, a layer of corn syrup is heated from below while being stirred by large-scale flow due to the opposing motions of
a pair of conveyor belts immersed in the syrup at the top of the tank. Three regimes are observed, depending on the
ratio V' of the imposed horizontal flow velocity to the rise velocity of plumes ascending from the hot boundary, and
on the ratio A of the viscosity of the interior fluid to the viscosity of the hottest fluid in contact with the bottom
boundary. When V<1 and A= 1, large-scale circulation has a negligible effect on convection and the heat flux is due
to the formation and rise of randomly spaced plumes. When 7> 10 and 41> 100, plume formation is suppressed
entirely, and the heat flux is carried by a sheet-like upwelling located in the center of the tank. At intermediate V, and
depending on A, established plume conduits are advected along the bottom boundary and ascending plumes are
focused towards the central upwelling. Heat transfer across the layer occurs through a combination of ascending
plumes and large-scale flow. Scaling analyses show that the bottom boundary layer thickness and, in turn, the basal
heat flux ¢ depend on the Peclet number, Pe, and 1. When 1> 10, gxPe!/? and when 1— 1, g (Pel)'/, consistent
with classical scalings. When applied to the Earth, our results suggest that plate-driven mantle flow focuses ascending
plumes towards upwellings in the central Pacific and Africa as well as into mid-ocean ridges. Furthermore, plumes
may be captured by strong upwelling flow beneath fast-spreading ridges. This behavior may explain why hotspots are
more abundant near slow-spreading ridges than fast-spreading ridges and may also explain some observed variations
of mid-ocean ridge basalt (MORB) geochemistry with spreading rate. Moreover, our results suggest that a potentially
significant fraction of the core heat flux is due to plumes that are drawn into upwelling flows beneath ridges and not
observed as hotspots.
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1. Introduction

Mantle plumes ascending from the core-mantle
boundary probably cause volcanic hotspots [1,2].
However, the coexistence of narrow, relatively
stationary plumes and plate-scale convection has
yet to be demonstrated in either laboratory or
numerical models (e.g. [3]). Geophysical and geo-
chemical observations show the effects of mantle
plumes on nearby mid-ocean ridges [4-10], and a
number of modeling studies have addressed
plume-ridge interactions (e.g. [10-23]). However,
with the exception of parameterized numerical in-
vestigations of the interaction between mantle
stirring and ascending plumes by Steinberger
and O’Connell [24,25] and Steinberger [26], most
numerical and laboratory studies have focused on
the interactions between plumes in the upper
mantle with the lithosphere. Moreover, no work
to date has investigated the importance of plate-
driven mantle circulation on the formation and
rise of plumes from a thermal boundary layer at
the base of the mantle.

In this study we examine the influence of plate-
driven flow on the formation and distribution of
plumes and on the heat flux at the core-mantle
boundary. Using laboratory experiments we first
map the nature of the interaction between an im-
posed large-scale flow and plumes rising from a
hot boundary layer across a wide range of dynam-
ical conditions appropriate to the Earth’s mantle.
This aspect of our work extends the results of an
earlier study performed by Kincaid et al. [23],
which addressed the interaction between mid-
ocean ridges and convection in the upper mantle.
Furthermore, we expand the analysis of Kincaid
et al. to include the additional important influence
of viscosity variations in the hot thermal bound-
ary layer. Next, we compare measurements of the
(local) basal heat flux with scaling theories devel-
oped to understand the influence of large-scale
flow and viscosity variations on the formation
of plumes and, in turn, the heat transfer in a
basally heated mantle. Our heat flux analysis
and experimental results are then used to discuss

the reliability of current estimates of the core heat
flux based on studies of hotspots. Next, we apply
our results in developing new interpretations of
the global distribution of hotspots and the varia-
tion of MORB chemistry with spreading rate. We
conclude with a brief discussion of outstanding
questions and directions for future work.

2. Experiments
2.1. Experimental setup, conditions and methods

Our convection experiments are conducted in a
large (1.5 mX 1.5 m by 0.6 m deep) tank that is
filled with corn syrup, which has a viscosity that
decreases strongly with increasing temperature
(Fig. 1, Table 1). The sidewalls are glass-insulated
with 20 cm of Styrofoam insulation; an aluminum
heat exchanger through which hot water is circu-
lated forms the base of the tank. The heat ex-
changer is designed such that the maximum hor-
izontal temperature variation across the hot
boundary (from the inlet to the outlet) is less
than about 1°C during an experiment. Further-
more, the aluminum plate forming the top of
the heat exchanger is sufficiently thin that thermal
fluctuations due to convection in the overlying
syrup are damped quickly relative to the time
scale for convective instability and the formation
of plumes. Hence, we achieve an isothermal lower
boundary condition. Immersed in the syrup at the
top of the tank are two conveyor belts, the oppos-
ing motions of which are used to generate a large-
scale flow that is divergent at the center of the
tank and convergent at opposite sidewalls. Our
experiments are characterized quantitatively using
time series of measurements of basal flux and tem-
perature along with shadowgraphs, time-lapse
video and still images (Fig. 1). Direct measure-
ments of the local basal heat flux are made using
Omega HFS-4 thermopile sensors. An array of
thermocouples is used to obtain temperature mea-
surements at the floor and sidewalls of the tank as
well as vertical temperature profiles in the fluid
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interior. All invasive sensors are located below
conveyor belt 1 so that the (symmetrical) flow
beneath conveyor belt 2 is unperturbed by sen-
sors. In each experiment, comparison of shadow-
graphs of the motions beneath both conveyor
belts indicates that the sensors have no significant
influence on the flow.

Measured temperature gradients across the
sidewalls of the tank are used to quantify the
heat loss to these boundaries, which is, in turn,
applied to better understand the dynamical influ-
ence of the boundary conditions of the tank on
the flow. Although the sidewalls are well insu-
lated, cooling to the air in the laboratory, which
is maintained at a constant temperature 77 =20°C,
is unavoidable and produces a very weak buoy-

Table 1
Parameters used in calculations

ancy flux that drives downwellings along the tank
walls and, thus, large-scale circulation in the tank.
However, we find that the resulting large-scale
flow significantly influences the thickness and dy-
namics of the thermal boundary layer only when
the velocities of the downwellings along the side-
walls are comparable to the characteristic rise ve-
locity of upwelling plumes V}, and to the imposed
belt velocity, V4, when V, << V}. Because of the
inherent complexity of a large-scale flow driven by
cooling to four boundaries we restrict our analysis
of the basal heat flux in the presence of imposed
large-scale circulation to the situation in which
Vy =V, and where V4, is much greater than the
downwelling velocities along the sidewalls.

The thermal boundary condition at the top of

Parameter Symbol Value and/or unit
Average horizontal fluid velocity due to conveyor belts U ms™!
Coeflicient of thermal expansion of the corn syrup o 5.61x107% °C™!
Conveyor belt velocity Upelt ms”!

Density of syrup? P kg m™3
Dynamic viscosity of syrup® u Pas
Gravitational acceleration g 9.8 m s2

Heat flux q W m~2

Height of thermal boundary layer & m

Height of velocity boundary layer Sy m

Horizontal flow velocity in the thermal boundary layer U ms™!
Horizontal length scale L m

Plume rise velocity V ms”!

Syrup layer depth H 0.6 m

Tank width w I.5m
Temperature difference across the hot boundary layer AT °C

Thermal conductivity of the syrup® K Wm™! C!
Thermal diffusivity? K 11077 m? s7!

Subscripts

i

h
Superscripts
f

max

n

p

interior
surface of hot boundary

free slip
maximum
no slip
plume

4 The density of ADM 62/44 corn syrup as a function of temperature 7°C was measured by C. Jaupart (IPGP, Paris) and found

to be p(T) = 103(—5.60774 X 10~ T+1.46201).

b The viscosity of the ADM 62/44 corn syrup used in these experiments varied with temperature 7°C according to

1(T)=103exp(15.911279—0.18456 T+0.000778T>) Pa s.

¢ The thermal conductivity of the syrup as a function of temperature 7" was measured by C. Jaupart (IPGP, Paris) and found to

be K(7)=0.365+0.00245T.

4 The thermal diffusivity is approximately constant owing to a very weak temperature dependence of K.
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the tank is complicated because the conveyor belts
and, hence, also the syrup, are exposed to the air
in the laboratory. Consequently, whereas the con-
tribution of sidewall cooling to the flow is prob-
ably insignificant in all of our experiments in
which V, =V, the influence of surface cooling
to the room on the flow varies with the belt ve-
locity and the temperature of the syrup. However,
the surface heat flux to the lab is always much
smaller than the basal heat flux from the hot
boundary, so that the tank heats up gradually
during a typical experiment.

Prior to the start of our experiments the water
in the heat exchanger, initially at room temper-
ature, is pumped at a high rate through an ‘in-line
heater’ set to a prescribed temperature using a
thermostat. Initially, the rate of increase in water
temperature, and, hence, the floor surface temper-
ature is rapid, occurring on a time scale that is
short compared to the time scale for plume for-
mation. In response to this complicated and
evolving boundary condition, the convection in
the overlying syrup is highly time-dependent and
spatially complex. Over time, however, the heat-

2. Thermocouple: 3mm above hot boundary (2)
3. Thermocouple: Surface temperature (5)
4. Thermopile: Surface heat flux (2)

Inline Heater

Fig. 1. A schematic drawing of the apparatus used in our convection experiments. See text for discussion.

Thermostat

4 -
Circulating water

Pump

ing rate of the water declines and resultant tran-
sients to the hot boundary occur on time scales
that are increasingly long compared with the time
scale for plume formation. The floor surface tem-
perature becomes constant over time scales that
are long in comparison to the time scale for plume
formation and quasi steady-state flow conditions
are achieved [27].

2.2. Dimensionless parameters

In all of our experiments the Prandtl number
Pr=p;/px is large (>10%), which enables us to
investigate flows in which the influence of inertial
forces is negligible (i.e. the Reynolds number Re,
which is a ratio of inertial to viscous forces, is less
than about 1). In addition, the aspect ratio of the
fluid layer 4 =w/H is constant and about 2.5.
Here, g is the fluid viscosity, p is the fluid density,
Kk is the average thermal diffusivity of the corn
syrup, w is the width of the tank, and H is the
depth of the fluid layer (Fig. 1, Table 1). The
subscript ‘1’ refers to properties evaluated at the
average interior fluid temperature. The nature of
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the flow is characterized by two externally con-
trolled parameters. The time dependence of con-
vection from the hot boundary increases with the
Rayleigh number:
Ra — PigaATH? )
Hix

which may be viewed as the ratio of the time scale
H?/x for thermal diffusion across the syrup layer
to the time scale ui/pgaATH required for a hot
blob with diameter H to rise through the same
distance. Here, g is the gravitational acceleration
and « is the coefficient of thermal expansion and
AT=(Ty—T;) is the temperature difference from
the hot boundary to the fluid interior. The sub-
script ‘h’ refers to properties evaluated at the sur-
face of the hot boundary. Convective instability
and plume formation occur at a critical Ra of
order 103,

The imposed large-scale flow velocity is repre-
sented non-dimensionally by the Peclet number:

UH

Pe = — (2)
which is the ratio of the time scale for thermal
diffusion across the layer to the time scale H/U
for the vertical advection of heat across the layer
by flow due to the motion of the conveyor belts.
Here, U is a scale for the imposed flow velocity
due to the motion of the belts. Because horizontal
(and vertical) velocities must vanish at the rigid
hot boundary, velocities near the hot boundary,
which influence the formation of plumes, are less
than the imposed belt velocity, wupe, which gov-
erns the ascent of plumes through the layer of
corn syrup. In order to characterize motions
near the hot boundary and in the fluid interior
we thus take U= upei/2.

To characterize the influence of imposed large-
scale stirring and viscosity variations on the dy-
namics of plume formation and rise through the
full depth of the tank we introduce two internally
defined parameters. The velocity ratio:

B Pe
~ c¢Ral3

3)

is the ratio of the imposed horizontal velocity
U= kPe/H to the characteristic rise velocity of

plumes ¥V, =cxRa!/3/H [28,29]. The constant
¢=9 is obtained from measurements of plume
rise velocities obtained near the top of the thermal
boundary layer. The inclusion of a constant in
Eq. 3 is unusual because it is a characteristic ve-
locity scale. However, as will be shown, defining
V in terms of a measured rise velocity convenient-
ly leads to a transition from a flow dominated by
ascending plumes to a flow governed by large-
scale flow when V' is order 1. The viscosity ratio:

Hi

& Hn @)
is the ratio of the dynamic viscosity of the cold
(interior) fluid above the thermal boundary layer
to the dynamic viscosity of the (hot) fluid in con-
tact with the hot boundary. It will be useful to
note that the temperature at the hot boundary,
and thus pu,, is approximately constant over
time scales much larger than the time scale for
plume formation. Thus, from Eq. 1 A«1/Ra and
thus, as the tank warms during an experiment, Ra
increases while A decreases.

3. Qualitative effects of plate-driven flow on the
formation, rise and distribution of plumes

Through a series of experiments we identify
several flow regimes, depending on the velocity
ratio V' and the viscosity ratio A (Fig. 2). For a
given 1=1, at small velocity ratios (0= V' =0.1)
the imposed large-scale circulation has a negli-
gible influence on the convection. When A > 100,
hot low-viscosity fluid rises intermittently from
the bottom boundary in plumes with large heads
and narrow trailing conduits, as well as through
persistent low-viscosity conduits left over from
previous generations of plume-forming instabil-
ities [27,30]. In this case, plumes ascend through
the interior fluid and pond beneath the belts and
generate no large-scale circulation, consistent with
results from recent compositional convection ex-
periments by Jellinek et al. [30] in which V'=0.
We note that when V> 0, ponded plume material
is ultimately stirred back into the fluid by the
plate-driven flow. As V' is increased to values of
order 1 a transition occurs and the imposed flow
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Fig. 2. A map of velocity ratio V-viscosity ratio A-Rayleigh number Ra space summarizing the influence of imposed large-scale
circulation on convection from a hot boundary across a broad range of conditions. Note the change in the style of flow that oc-
curs when the velocity ratio V= 1. In all experiments shown, convection from the hot boundary is fully developed prior to turn-
ing on the belts. See text for discussion. Regimes: (A) Ra=4.0x107, 1=50, V=0; (B) Ra=9.5x10% A=23, V=0; (C)
Ra=2.0Xx10°% A=69, V'=0; (D) Ra=3.0x107, 1=9.0, ¥'=5; (E) Ra=3.5x10° A=90, V'=8; (F) Ra=5.0x107, 1=5, V=37,

(G) Ra=3.8%106, *=60, V> 10; (H) Ra=2.5X 105, 1=90, ¥'=20.

causes thickening and thinning of the thermal
boundary layer beneath the central upwelling
and downwellings at the sidewalls, respectively.
Plumes move along the lower boundary toward
the central upwelling at a rate determined by the
horizontal velocity at the top of the thermal
boundary layer, while ascending plume heads
and conduits are drawn towards the central up-
welling at a rate governed by velocities in the fluid
interior. At large velocity ratios (V> 10), and de-
pending on A, plume formation is increasingly
suppressed over the distance between the sidewalls
and the central upwelling. Plume suppression oc-
curs either because the thermal boundary layer is
insufficiently thick to form plumes, or because
nascent plume instabilities are advected into the

central upwelling before they can grow into
plumes. In the extreme case of F>10 and
A>100, the thermal boundary layer appears to
be insufficiently thick to form plumes and all of
the boundary layer fluid is advected horizontally
into the central upwelling, where it forms a buoy-
ant sheet. We note that the suppression of plume-
driven flow is not simply due to a lower Ra
[31,32] — the flow is plume-dominated in experi-
ments conducted in the absence of imposed large-
scale stirring.

The viscosity ratio A has three effects on the
flow. First, for a given temperature difference
AT, the size and rise velocity of plume heads is
determined by the boundary layer thickness,
which depends on the viscosity of the interior flu-
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id, 1. Second, the extent to which plumes interact
with one another depends, in part, on the spacing
between plume-forming instabilities [30], which is
proportional to A!/3 [33,34]. Hence, with decreas-
ing A (or increasing Ra) plume heads have larger
rise velocities and become both smaller and more
closely spaced. The combination of these two ef-
fects leads to a more vigorous (i.e. time-depen-
dent) overall flow but no large-scale circulation
[30-32,35,36]. Third, the magnitude of A deter-
mines the extent of vertical velocity gradients aris-
ing due to drag along the hot boundary, as well as
the average horizontal fluid velocity in the ther-
mal boundary layer. Whereas vertical velocity
gradients determine the extent to which ascending
plumes are drawn into the central upwelling, the
horizontal fluid velocity in the thermal boundary
layer apparently governs its thickness and influen-
ces the rate at which established conduits or, more
generally, instabilities migrate downstream (Fig.
2).

Flow regimes comparable to those summarized
in Fig. 2 are observed in an earlier study of the
interaction between plumes ascending through the
upper mantle and plate-driven flow performed by
Kincaid et al. [23] (hereafter referred to as KSD).
KSD report experiments conducted over a nar-
row range of Rayleigh numbers (10* <Ra =107,
where Ra is defined as by Eq. 1) and for dimen-
sional spreading rates spanning those appropriate
to the mid-Atlantic ridge and East Pacific Rise.
The results of KSD can be compared with Fig. 2,
considering constraints on ¥ and A. We note that
the thermal diffusivity k=10"° m? s~! used by
KSD to calculate Ra is about a factor of 10 too
large for the sucrose solutions used as working
fluids. Correcting for this error (i.e. taking k=
1077 m? s7!) implies the range 10°=Ra=10°
for their experiments. The structure of the plumes
(relative difference in the diameters of plume
heads and conduits) observed in KSD’s figure
9d.e, together with the small variation in Ra, sug-
gest that A is order 100 in most of their experi-
ments. Therefore, the flows observed in these
Ra-A regimes are consistent with data shown in
Fig. 2. Using Eq. 3 we recast the Ra-spreading
rate data of KSD into V-4 space, where A is tak-
en to be 100. KSD results thus indicate that as-

Log (Ra, A, V)

w

-2
Log (tk/H’)

Fig. 3. Plot showing the time evolution of Ra, ¥ and A as
the tank heats up during an experiment in which
Pe=2x10%

cending plumes are uninfluenced by large-scale
flow when V'<0.6 and are drawn into a central
sheet-like upwelling when V> 5. In intermediate
regimes (0.6 < J/'<5), plumes are focused towards
the central upwelling, resulting in ‘strong axial
variability’ (KSD, p. 16188). The results for
Ra~ 10 flows in Fig. 2 are therefore consistent
with the findings of KSD.

The present study extends KSD in two ways.
First, our experiments span two additional orders
of magnitude in Ra space, thus mapping the flows
over a wider range of conditions appropriate to
the Earth’s mantle. Second, Fig. 2 indicates that
in addition to being governed by the velocity ratio
V' (or the total buoyancy flux as expressed
through Ra), the flows depend on the viscosity
ratio A.

4. Influence of plate-driven flow on the mode of
heat transfer from the hot boundary

Plume instabilities can form only if the thermal
boundary layer has sufficient buoyancy to detach
from the hot boundary. Therefore, for a given AT
and g, whether plumes form depends mostly on
the thickness of the thermal boundary layer d&.
Because mass must be conserved, horizontal
(plate-driven) motions will cause the thermal
boundary layer to thin upstream and thicken
downstream. Furthermore, the basal heat flux, ¢,
is proportional to 1/8;, and thus the downstream
thickening of the thermal boundary layer implies
a downstream reduction in ¢. In order to under-
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Fig. 4. Plots of the measured (local) basal heat flux ratio with uncertainties (crosses), ¢P/g, and (inset) dimensional heat flux, ¢,
as a function of the viscosity ratio, A, using data from the experiment presented in Fig. 3. The inferred ratio of the actual ther-
mal boundary layer thickness to the maximum thermal boundary layer thickness, &/, corresponding to ¢P/g is also indicated.
The experiment evolves in time from right to left along the horizontal axes. As the tank heats up, Ra increases and A decreases
accordingly (see Fig. 3). When ¢P/¢=1, the thermal boundary layer is critically thick, & =d*, and the heat flux is due to the
formation and rise of plumes. When ¢P/g <1, & <™, and the heat flux is proportionally larger. Also shown are predictions for
¢P/q and (inset) ¢ based on the ‘free-slip’ theory (cf. Eq. 7, dashed line) and the ‘no-slip’ theory (cf. Eq. 10, solid line). ¢P (dotted
line) is indicated in the inset figure for reference. The predicted dimensional heat fluxes (inset only) have been normalized to AT,
which declines monotonically by about a factor of 2 during this experiment, resulting in well-defined power laws. When A is
greater than about 5 (order 10) the average horizontal velocity in the thermal boundary layer is close to that imposed by the
belts. In this case the mechanical boundary condition at the base of the tank is approximately ‘free-slip’ and the surface heat flux
g is independent of A and proportional to Pe!/2. In contrast, when the viscosity ratio A is less than about 5, drag along the hot
boundary reduces the average horizontal flow velocity in the thermal boundary layer. The boundary condition is approximately
‘no-slip’ and ¢ is proportional to (Ped)'/.

The maximum thickness to which a thermal
boundary layer can grow corresponds to the

stand the quantitative influence of plate-driven
circulation on & and ¢ we thus measure the local

heat flux at two positions located a distance
0.454H from the sidewall (Fig. 1) in an experi-
ment in which the conveyor belt velocity is fixed
and Pe =2 x 10*. The combination of the imposed
stirring and convection from the hot boundary
during the experiment causes the tank to heat
up, resulting in progressive reductions in A and
V, as well as an increase in Ra (although AT de-
clines monotonically by about a factor of 2 as
Ti—Ty) (Fig. 3).

thickness, §™**, required to form plumes. Spatially
averaged heat flux data from experiments in
which V=0 indicate that the heat flux due to
the formation and rise of plumes is approximately
q° =0.15(KAT/H)Ra%?®, where K is the thermal
conductivity of corn syrup, which implies

max = 6.67HRa 2. Thus, for convenience in in-
terpretation, in Fig. 4 we plot the heat flux ratio
qP/q versus A and obtain a measure of the impor-
tance of horizontal flow in the thermal boundary
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layer to the local heat flux. When ¢P/g <1, large-
scale flow leads to thinning of the thermal bound-
ary layer and, thus, an increase in the heat flux
over that which would occur by the formation
and rise of plumes alone. It is useful to note
that A is chosen as the independent variable in
Fig. 4 because under constant-Pe conditions, the
magnitude of the viscous drag at the hot bound-
ary, which is governed by A, determines the aver-
age horizontal velocity in the thermal boundary
layer [37,38]. In particular, V is not chosen for the
x-axis because Pe is constant and whereas Ra
governs "™, buoyancy effects do not influence
the vertical (diffusive) growth of a conductive
thermal boundary layer.

In order to understand the data shown in Fig. 4
we present a scaling analysis for the thermal
boundary layer thickness & as a function of Pe
and A that is, in turn, applied to find scalings for
the heat flux ¢. The conduction of heat from the
bottom boundary causes a thermal boundary
layer of hot, buoyant low-viscosity fluid to grow
to a thickness &, where & < H (Figs. 2 and 5).
Conservation of heat and mass in the thermal
boundary layer requires that & is determined by
both the velocity, /&, at which the boundary
layer grows by thermal conduction and the aver-
age velocity u; at which hot fluid within the ther-
mal boundary layer is advected horizontally to-
wards the central upwelling. The velocity w
depends on the imposed velocity U and on the
extent to which viscous drag along the rigid bot-
tom boundary of the tank impedes horizontal flu-
id motion.

The importance of drag is indicated by the
height to which vertical velocity gradients extend
from the hot boundary and form a velocity
boundary layer with thickness &,. Examination
of the results summarized in Fig. 2 indicates
that &, depends on the viscosity ratio 4. Due to
an approximately exponential dependence of the
viscosity of corn syrup on temperature, when
A>100 vertical velocity gradients are observed
to be confined to a narrow region comprising
roughly the bottom 10-15% of the thermal
boundary layer [37,38]. Hence, 8, <& and the
imposed overturning motions are essentially de-
coupled from the boundary. Consequently, most

T(z) wT) Uz)

a)

Hot Rigid Boundary
b ) 1(z) wT U(z)
VBL|™ — T T 7] T F—
6\)
Ly~ ~— T | g =
6!
Hot Rigid Boundary

Fig. 5. Definition sketches illustrating the approximate struc-
ture of the flow above the hot boundary when (a) A>10
and (b) A~ 1. The conduction of heat from the hot bound-
ary causes the growth of a thermal boundary layer (TBL).
Viscous drag along the hot boundary retards horizontal fluid
flow, resulting in the growth of vertical velocity gradients the
extent of which define a velocity boundary layer (VBL). Ow-
ing to the exponential dependence of the viscosity of the syr-
up on temperature, the thickness of the velocity boundary
layer depends strongly on the viscosity ratio 4. When 1> 10
the velocity boundary layer is confined to the lowest 10-15%
of the thermal boundary layer, where the temperature is
highest and, hence, the viscosity is lowest.

of the hot thermal-boundary-layer fluid is ad-
vected laterally at a velocity u, ~ U. However, as
A—1 vertical velocity gradients extend increas-
ingly from the boundary such that &, approaches
a maximum height H/2 as drag increasingly re-
tards horizontal flow. Therefore, most of the hot
thermal-boundary-layer fluid is advected laterally
at a velocity u < U.

Examination of Figs. 2 and 4 suggests that the
influence of large-scale circulation on the thick-
ness of the thermal boundary layer & and the
corresponding heat flux ¢ may be analyzed in
two viscosity ratio limits. When A~ 10 (Fig. 5a)
the average horizontal velocity in the thermal
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boundary layer u; = U and hence the base of the
tank can be approximated as a free-slip boundary.
In this limit, the global conservation of heat in the
thermal boundary layer requires a balance be-
tween the vertical conduction of heat from the
hot boundary and the lateral advection of heat
by flow within the thermal boundary layer [38]:

AT AT
Using Egs. 1-4 and noting that L. =0.454H, this
expression indicates a thermal boundary layer
thickness that scales as:

o (KEY12 0 g (0854 112

ot ()= @

which, in turn, implies a heat flux g~ KAT/$; of:
KAT/ 1 Pe

r_ Ve

¢ =k (0.45 A) @

Here, the constant of proportionality k; =0.74,
the superscript ‘f© means ‘free slip’, and ‘~’
means ‘of the same order of magnitude as’.

In the alternative limit of A~1, & <6, the
average horizontal velocity u, < U, and u is a
function of both U and A, since the base of the
tank is a ‘no-slip’ boundary. Following the qual-
itative argument of Morris [37] and Morris and
Canright [38], in this case the flow may be divided
into two superposed layers, with the thermal
boundary layer forming the bottom layer and
the majority of the velocity boundary layer form-
ing a top layer with an approximate thickness H/2
(Fig. 4b). For this situation we again consider the
global conservation of heat in the thermal bound-
ary layer. From Eq. 6 we obtain a scale for aver-
age horizontal velocity:

0.45xkAH
Lh
With Egs. 1-4 and the additional requirement
that stress and velocity be continuous across the
viscosity interface separating the two layers [s(u/

&)~ 1;(2U/H)], the boundary layer thickness is
given by:

0.234
()

(8)

Uy ~

and the corresponding heat flux from the bound-

ary is:
. KAT (2APe\,,

1 _kZT<o.45A> ! (10)
where the superscript ‘n” means ‘no slip” and the
constant k» = 1.24. The 1/3 and 1/2 powers in Eqs.
7 and 10 are consistent with classical free-slip and
no-slip scalings determined for steady flows
[39,40]. Significantly, that we recover these classi-
cal results indicates that they may be extended to
the case of the unsteady flow of a fluid with a
temperature-dependent viscosity over a hot, rigid
boundary. Egs. 7 and 10 are also consistent with
solutions obtained by Morris [37] for the steady
flow of a fluid with a temperature-dependent vis-
cosity past a hot, rigid sphere. Furthermore, Eq. 7
is consistent with the analysis by Morris and Can-
right [38] of the steady flow of a fluid with a
temperature-dependent viscosity in a horizontal
thermal boundary layer overlying a free-slip sur-
face.

Predicted heat flux ratios along with dimension-
al heat fluxes are plotted as a function of 4 also in
Fig. 5. Comparison with the data indicates that
‘no-slip’ and ‘free-slip’ approximations are valid
when A is less than and greater than about 5,
respectively (i.e. order 10). For A> 5, horizontal
flow reduces the thermal boundary layer thickness
at position L such that & <", resulting in a
factor of 2-3 increase in the basal heat flux over
that which would occur as a consequence of the
formation and rise of plumes alone. That the heat
flux ratio ¢°/g— 1 when A< 3-5 is consistent with
an observed transition from a flow dominated by
large-scale stirring to one governed by the forma-
tion and rise of plumes. As Pe is fixed in this
experiment we interpret this result to indicate
that significant drag reduces the horizontal flow
velocity in the thermal boundary layer such that
6 — 9™ and g—¢P.

5. Applications to the Earth

In exploring the implications of this study to
the Earth we make three assumptions: (1) large-
scale motions driven by plate subduction stir the
full depth of the mantle (e.g. [41]), resulting in
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upwellings in the central Pacific and beneath Afri-
ca [42] and possibly into ridges; (2) deep mantle
plumes ascend from the core—mantle boundary
(CMB); and (3) the viscosity ratio in the hot ther-
mal boundary layer at the base of the mantle
A>100 [43-46]. Given these restrictions, applying
our results requires a constraint on the velocity
ratio V, which we address next. After establishing
a plausible range for mantle V' we investigate the
implications for the dependence of MORB geo-
chemistry on spreading rate as well as current
estimates of the core heat flux. We conclude
with a discussion of the limitations of our analysis
and directions for future work.

5.1. Estimate of the mantle velocity ratio V

Although surface plate velocities on the Earth
are well determined [47], the potentially compli-
cated way in which mantle viscosity increases with
depth makes it difficult to predict an average V'
explicitly [41,42,48]. Fluid mechanical studies and
estimates of melting rates in plumes suggest that
plume heads probably rise through the mantle at
an average speed of a few centimeters per year
[41,44], and so the main uncertainty is the magni-
tude of horizontal flow speeds in the lower man-
tle. One approach to this problem is to infer these
velocities from lateral density variations identified
with tomographic models of the mantle. For ex-
ample, the results from new and previous models
presented in a recent study by Forte and Mitrov-
ica [42] constrain the maximum flow velocities in
the lower mantle to be around 2 cm yr~'. Taking
this velocity as an upper bound for the whole
lower mantle, an average horizontal velocity,
and thus ¥V, depends on plate speed. Therefore,
V' appropriate for the slow-spreading (1-3 cm/
yr) Mid-Atlantic Ridge (MAR)-southwest Indian
Ridge (SWIR) system is order 1. A suitable V' for
the fast-spreading (8-10 cm/yr) East Pacific
(EPR), Southeast Indian (SEI), and Pacific-Ant-
arctic (PAR) ridges is order 10.

Fig. 2 shows that, depending on ¥, mantle
upwellings due to plate-driven flow can influence
the trajectories of plumes. Moreover, the surface
expression of plumes (i.e. hotspots) is expected to
occur near divergent boundaries and close to or

within the superswells overlying the well-docu-
mented deep mantle upwellings (e.g. [42]) beneath
Africa and the central Pacific. Consequently, an
alternative constraint on J may be to infer this
parameter from the distribution of hotspots. In-
deed, this approach is supported by the modeling
efforts of Steinberger and O’Connell [24,25] and
Steinberger [26], who find that mantle stirring
driven by modern surface plate motions causes
plume conduits at the base of the mantle to be
drawn towards (hot) upwelling regions beneath
the Pacific and Africa, and causes hotspots to
occur preferentially near ridges.

Whether mantle plumes form hotspots at or
near divergent boundaries probably depends on
if they can rise through the mantle before being
drawn into or ‘captured by’ underlying mantle
upwellings. Interestingly, in addition to being
clustered in the central Pacific and Africa (Fig.
6a (cf. [49,50]), hotspots appear to be concen-
trated near slow-spreading ridges, a suggestion
first made by Weinstein and Olson [51]. Fig. 6a
shows, for example, that in addition to the clus-
ters of five and seven hotspots in the central Pa-
cific and Africa, roughly 18 hotspots occur within
about 1000 km of the MAR-SWIR system, while
only about four to five hotspots occur close to the
EPR-PAR and SEI ridges combined. (The total
MAR-SWIR is comparable in length to the EPR-
PAR, SEI system.)

Although Fig. 6a is a popular compilation of
hotspots, whether all of the indicated hotspots are
related to deep mantle plumes remains a matter
for debate (e.g. [52]; Courtillot, personal commu-
nications, 2001). The distinction between hotspots
and hotspots related to deep mantle plumes is
important for this discussion because our experi-
ments are designed to understand the formation
and subsequent rise of plumes from a hot thermal
boundary layer at the base of the mantle. Follow-
ing Clouard and Bonneville [52] and Courtillot
(personal communications, 2001), in Fig. 6b we
show the distribution of hotspots that have a
documented relationship to flood basalts [50]
and/or that reflect volcanism over time scales
comparable to or greater than the time for a
plume to rise through the full depth of the mantle
(order 10-100 Myr). We take this compilation to
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b)

Half-Spreading rates
S s-10 cm/yr
IRECEMEdiates 4-7 cm/yr
B 1-3 cm/yr

Fig. 6. Two maps showing the proposed global distributions of hotspots (red dots) along with the positions of spreading ridges
on the Earth. Hotspots appear to be concentrated near slow-spreading ridges. In panel (a), which is a commonly cited compila-
tion, whereas there are roughly 18 hotspots within about 1000 km of the slow-spreading mid-Atlantic ridge (MAR)-Southwest
Indian ridge (SWIR) system, there are perhaps only four to five hotspots adjacent to the fast-spreading East Pacific Rise (EPR)—
Pacific Antarctic ridge (PAR) system. In panel (b), we include only those hotspots that have been shown convincingly to be asso-
ciated with mantle plumes ascending from the core-mantle boundary of the Earth (see text for discussion). In this compilation,
whereas there are 10 hotspots along the MAR-SWIR system (11 if Galapagos, which is attributed to the Carribean flood basalts,
is included), there are only two (one if Galapagos is excluded) associated with the EPR-PAR system.

be a lower bound on the number of hotspots re-
lated to deep mantle plumes. In this data set,
although African hotspots may be underrepre-
sented, the correlation between hotspots and
slow-spreading ridges is stronger: 10 hotspots
are near the MAR-SWIR system and only two
are proximal to the EPR-PAR system. We note
that the Galapagos hotspot is generally associated
with the Caribbean flood basalt. If so, then the
ratio of hotspots associated with slow-spreading
ridges to those associated with fast-spreading
ridges increases to 11:1.

Our experimental results may offer new insight
for interpreting the data in Fig. 6 that is consis-
tent with the analysis of Steinberger [26]. Upwel-
lings into the MAR are sufficiently strong to focus
plumes toward the ridge, but insufficiently strong
to capture them entirely; thus hotspots can form.
From Fig. 2, we then infer V to be order 1. In
contrast, mantle upwellings beneath fast ridges
such as the EPR entrain most (but not all) as-
cending plumes resulting in few hotspots. Apply-
ing again the results in Fig. 2, we thus infer
1 < V<10, although the upper bound must de-
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pend on the depth from which these flows origi-
nate. The clustering of hotspots in the central Pa-
cific and possibly Africa suggests that plumes are
drawn towards the strong upwellings beneath
these areas [42] and, thus, that these upwellings
imply a regime in which V= 1. These mantle ve-
locity ratios are consistent with the analysis of
KSD who argue that a similar range of velocity
ratios 1 <V <6 (cf. Section 3) may explain why
the topography and gravity of the MAR is spa-
tially variable relative to the EPR. Finally, it is
important to point out that, whether V' is inferred
using measured plate velocities and tomographic
models or from the global distribution of hot-
spots, the results are consistent with one another.

5.2. Dependence of MORB chemistry on spreading
rate

Assuming that mantle plume material is ‘en-
riched’ in light rare earth elements (LREEs) and
radiogenic isotopes of Sr and Pb and depleted in
radiogenic isotopes of Nd [53,54], our proposed
hypothesis for the plume-ridge relationship car-
ries a testable prediction for the dependence of
MORB chemistry on spreading rate. Mantle
flow due to fast ridges is expected to draw both
plume and upper mantle components into a cen-
tral upwelling, resulting in a uniformly enriched
source region for the production of MORBs.
Consequently, MORBs from a fast-spreading
ridge should have relatively enriched LREE, Sr
and Pb isotopic compositions, and depleted Nd
isotopic compositions. Moreover, if the mixing
of plume and mantle components is complete
then MORBs from fast ridges should be chemi-
cally homogeneous along the length of a ridge. If
mixing of the two components is incomplete, spa-
tially random chemical excursions from the global
mean may occur. Flow due to slow-spreading
ridges, on the other hand, does not completely
incorporate plumes into an underlying upwelling
sheet, but instead produces nearby (or on-ridge)
hotspots. As a result, both the source region for
MORBs and the erupted products (i.e. ‘normal
MORDPB’) are expected to be depleted in plume
components.

That the variation of MORB chemistry with

spreading rate reflects differing extents of mixing
of plume and upper mantle components has been
inferred previously on geochemical grounds by
Allegre et al. [55] and Langmuir et al. [6]. A num-
ber of studies of the LREE and isotopic geochem-
istry of basalts collected from the MAR and EPR
support these predictions [6,56]. For example,
Fig. 7a shows that MAR basalts have bimodal
LREE compositions with Ce/Sm = 2.7 for normal
MORB segments and Ce/Sm up to about 15 for
narrow segments influenced by nearby hotspots
[4-6]. Many studies of Atlantic hotspots have sug-
gested that the flow of plume material from hot-
spots to the MAR has produced locally steep gra-
dients as well as large absolute enrichments
(relative to normal MORB) in the concentrations
of LREE and certain radiogenic isotopes in sam-
ples of MORB [4-6,57-64].

In contrast, the LREE geochemistry of EPR
basalts is fairly homogeneous and enriched in
plume components relative to normal MORB
with Ce/Sm =3.45%1.21. Geochemical excursions
do occur along the EPR but appear to be uncor-
related topographically or geochemically with
nearby hotspots and are usually taken to be ran-
dom [6,65]. Indeed, these anomalies may reflect
variability in the local extent of mixing between
plume and upper mantle components in the
MORB source region. From the data presented
in Fig. 7b,c, similar arguments can be made to
explain the variability in 2°°Pb/”*Pb and *3Nd/
14%Nd values with latitude.

5.3. Plume capture and the difficulty with
estimating a core heat flux using hotspots

Estimates of the core heat flux based on the
lithospheric thermal signatures of hotspots sug-
gest that mantle plumes carry about 10%
(~0.01 W m?) of the global mantle heat flux
[66,67], which is sometimes taken to represent
the core heat flux (e.g. [68—70]). Our experimental
results and proposed hypothesis for plume-ridge
interactions have two additional implications for
estimating the magnitude of core cooling. First,
depending on the aspect ratio and velocity of mo-
tions at the base of the mantle, & < §™* possibly
over significant fractions of the surface of the
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Fig. 7. Plots (a—c) of Ce/Sm, 2°Pb/**Pb, and '**Nd/'**Nd ratios, which are from whole rock and glass analyses of MORBs col-
lected over comparable lengths of the MAR (red) and EPR (blue), showing a variation of MORB geochemistry with spreading
rate. Also indicated are the global mean values for these ratios with their standard deviations for EPR, along with approximate
average normal MORB compositions obtained from segments of the MAR that are uninfluenced by hotspots. Data from EPR
MORB show greater homogeneity and greater enrichment in incompatible (plume) components relative to ‘normal’ MAR
MORB. Data from MAR MORB are highly variable with steep gradients over 5-10 degrees of latitude occurring in segments in-
fluenced by hotspots (see text for discussion). The data are from [4-6] and the RIDGE PETDB database at the Lamont Doherity
Earth Observatory (http://petdb.ldeo.columbia.edu/petdb/).
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core-mantle boundary, resulting in a variable
and potentially larger average core heat flux than
that due to the formation and rise of plumes
alone. Second, even if & = d"* and plumes form
everywhere along the core-mantle boundary, if
1=V <10 a potentially significant fraction of
these upwellings may be captured by large-scale
mantle flow and carried into ridges. An important
implication of this result is that the number of
hotspots observed at the Earth’s surface may rep-
resent only a fraction of the number of plume
instabilities forming at the base of the mantle.
Labrosse [71] has recently raised a similar concern
over the sampling of mantle plumes by arguing
that only a modest proportion of these upwellings
may have sufficient thermal buoyancy to cross the
mantle and form a hotspot. Both our and Lab-
rosse’s arguments suggest that estimates of the
core heat flux based on a total core heat flow
inferred from hotspots may imply only a weak
lower bound on the actual core heat flux.

5.4. Questions and future directions: Towards a
viable hypothesis

Our results raise some difficult questions that
need to be addressed in future studies. In order
for the proposed variable mixing of plume mate-
rial into upwellings beneath ridges to be a viable
hypothesis both variations in MORB chemistry
and variations in the ratio of core to mantle
heat flux carried up into ridges with spreading
rate must be self-consistent. If these two indica-
tors can be shown to be consistent with one an-
other our results strengthen the suggestion that
the distribution of hotspots is determined by the
positions of ridges and their attendant spreading
rates, which is also suggested by the results of
Steinberg and O’Connell [24-26]. Consequently,
potentially the most important issue to resolve
in the future is the expression of core heat flux
at ridges and in the broad upwellings beneath the
central Pacific and Africa; in particular, whether
the buoyancy of hot rising plume material be-
neath fast-spreading centers would cause large
(and currently unobserved) dynamic topography
and geoid anomalies over, for example, the EPR.

Richards and Hager [72] argue that the lack of

any consistent long-wavelength geoid signal over
mid-ocean ridges is inconsistent with active up-
wellings feeding ridges. Davies [66,73] and Davies
and Richards [41] argue further that large topo-
graphic and geoid anomalies over active upwelling
sheets left behind by migrating ridges would be an
obvious (and also unobserved) consequence of a
large component of heat transfer associated with
such upwellings. However, Davies’ calculations
can allow for as much as a factor of three increase
in the amount of heat carried into ridges. Thus,
further investigation of the oceanic geoid and ba-
thymetry is warranted and might offer an addi-
tional constraint on the degree to which large-
scale mantle flow governs the heat flux from the
core.

There are, however, two significant complica-
tions for any study of dynamic topography that
must be addressed carefully in future numerical
studies. First, both dynamic topography and the
geoid are sensitive to the viscosity structure of the
mantle. In particular, buoyant plume material
may spread laterally into a low-viscosity astheno-
sphere [73], resulting in a relatively suppressed
(lower amplitude, longer wavelength) topographic
signal at the surface. Indeed, results from the re-
cent MELT experiment have suggested that the
mantle underlying the EPR is compositionally
and rheologically complex, apparently character-
ized by an asymmetrical melt distribution across
the ridge axis [74-77]. Thus, the influence of addi-
tional buoyancy due to plumes on the topography
and geoid at the EPR is potentially very compli-
cated. Second, the expression of core heat flux at
ridges is sensitive to the viscosity ratio A. In addi-
tion to overly simplified models for the viscosity
stratification in the mantle, the models of Davies
[66,73], for example, employ smaller viscosity ra-
tios (A=5 and 30) than suggested for mantle
plumes in the Earth (4> 100) [43-46]. The cross-
sectional width of a buoyant upwelling sheet and,
hence, the associated geoid and topographic sig-
natures, decreases with increasing A. Data from
our laboratory experiments cannot accurately pre-
dict geoid and topographic signals that would be
associated with analogous upwelling flows in the
Earth. Therefore, further numerical investigations
of the influences of large viscosity contrasts on
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these observable features, in which up-to-date
models of the radial variations of mantle viscosity
are employed, is warranted. Furthermore, the ‘ac-
tive’ upwelling sheets that result in some of our
models will clearly follow ridge migration. Thus,
an additional important issue is the identification
and characterization of ridge seismic velocity
anomalies associated with such low-viscosity up-
wellings.

In order to better understand the apparent sys-
tematic variation of MORB geochemistry with
spreading rate additional sampling is needed
along the EPR and MAR as well as along the
other ridge systems around the world. Also, as
speculated by Kincaid et al. [23], the results
shown in Figs. 4 and 5 may be applied to explain
the well-known observation that fast ridges (EPR)
tend to produce smoother topography than slow
ridges (MAR), but we cannot demonstrate a
quantitative connection at this time.

Finally, the proposed entrainment of plumes
into deep mantle upwellings beneath the central
Pacific and Africa raises the possibility that buoy-
ant plume material augments the dynamic topog-
raphy associated with the structure of mantle
return flow driven by plate subduction [78].
Whether this additional buoyancy can plausibly
explain the anomalously large topographic ‘super-
swells’ currently observed in the central Pacific
and Africa [79], as well as the large rate of volca-
nism associated with the concentration of hot-
spots [79], remains an exciting direction for future
study.
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